The repair of DNA double-strand breaks (DSBs) is mediated via two major pathways, nonhomologous end joining (NHEJ) and homologous recombination (HR) repair. DSB repair is vital for cell survival, genome stability, and tumor suppression. In contrast to NHEJ, HR relies on extensive homology and templated DNA synthesis to restore the sequence surrounding the break site. We report a new role for the multifunctional protein CCCTC-binding factor (CTCF) in facilitating HR-mediated DSB repair. CTCF is recruited to DSB through its zinc finger domain independently of poly(ADP-ribose) polymers, known as PARylation, catalyzed by poly(ADP-ribose) polymerase 1 (PARP-1). CTCF ensures proper DSB repair kinetics in response to g-irradiation, and the loss of CTCF compromises HR-mediated repair. Consistent with its role in HR, loss of CTCF results in hypersensitivity to DNA damage, inducing agents and inhibitors of PARP. Mechanistically, CTCF acts downstream of BRCA1 in the HR pathway and associates with BRCA2 in a PARylationdependent manner, enhancing BRCA2 recruitment to DSB. In contrast, CTCF does not influence the recruitment of the NHEJ protein 53BP1 or LIGIV to DSB. Together, our findings establish for the first time that CTCF is an important regulator of the HR pathway.
INTRODUCTION
DNA double-strand breaks (DSBs) are among the most deleterious DNA lesions, and there is evidence that even a single DSB is sufficient to promote genomic instability and cell death if left unrepaired (1) . DSB may arise during physiological processes such as meiosis and T and B cell receptor rearrangement. These lesions can also result from exogenous stress (for example, cytotoxic agents and ionizing radiation) or endogenous insults (reactive oxygen species and replication errors). To overcome their cytotoxic impact, DSBs are primarily repaired through two mutually exclusive pathways: nonhomologous end joining (NHEJ) and homologous recombination (HR) (2) . Understanding how these pathways promote DNA repair, and how they can be disrupted in cancer, has led to new therapeutic approaches to treat multiple types of malignancies. HR frequently uses a sister chromatid as a template to repair the damaged sequence. Therefore, HR is carried out predominantly during the S and G 2 phases of the cell cycle (3) . The initiation of HR, as opposed to NHEJ, relies heavily upon the formation of extensive single-stranded (ss) 3′ DNA overhangs (4, 5) , which require the recruitment of CtIP to the break site, the stimulation of the endonuclease activity of MRE11 in complex with RAD50 and NSB1, and the action of the nucleases EXO1 and BLM/ DNA2. Replication protein A (RPA) loads onto this ssDNA, thereby protecting it from breakage (6) . Subsequently, the concomitant action of BRCA1, PALB2, and BRCA2, in complex with its partner DSS1, promotes the replacement of RPA and the loading of the recombinase RAD51 onto ssDNA (7, 8) . RAD51 is critical for maintaining sequence integrity through homology search, strand invasion, and sister chromatid exchange (7) . Previous studies have shown that BRCA2 is central for HRmediated DSB repair by directly binding ssDNA overhangs and catalyzing RAD51 nucleofilament formation. However, recent evidence suggests that BRCA2 is also recruited at early time periods to DSBs to promote EXO1-dependent DNA end resection through the recognition of poly(ADPribose) (PAR) polymers at DSB (9) . These modifications are catalyzed by PAR polymerases (PARPs), including the founding member of this family, PARP-1, which promotes the attachment of PAR polymers onto target proteins, a process commonly known as PARylation. PARP-1 activity has been traditionally associated with base excision repair, but clear evidence demonstrates that PARP-1 is recruited to DSB and that PARylation plays an important role in DSB repair, primarily by HR (10) (11) (12) . Protein PARylation at break sites may play multiple roles in orchestrating the repair of DSB. For example, this activity promotes a more open chromatin conformation to facilitate the recruitment of DNA repair factors (13, 14) , and the PAR polymer itself can act as a scaffold for the recruitment of key repair proteins such as BRCA2 (9, 15, 16) .
Although extensive research has uncovered much about these key steps in the HR-mediated DSB repair pathway, the process is exquisitely complex, with many additional proteins being implicated as playing roles within this network. However, how DSB repair factors are assembled at DNA damage sites in a PARylation-dependent manner and how this process is controlled are largely underexplored. A recent screen identified 62 DNA binding factors recruited to DNA lesions induced by laser micro-irradiation, many in a PARP-1-dependent manner (17) . One of the factors identified is the multifunctional nuclear protein CCCTCbinding factor (CTCF). However, the role of this protein, if any, in the repair of DSB has yet to be investigated. CTCF is an 11-zinc finger transcription protein with well-established roles in genome organization and transcriptional regulation (18) (19) (20) . In vivo evidence from CTCF heterozygous knockout mice suggests that CTCF acts as a haploinsufficient tumor suppressor (21) . These CTCF +/− mice demonstrate increased sensitivity to irradiation-induced oncogenesis, which, coupled with the previous finding that CTCF is recruited to laser micro-irradiation tracks (17) , strongly suggests a role for CTCF in the repair of damaged DNA. It is clear that CTCF is multifunctional in nature and may mediate disparate functions through incorporation into protein complexes committed to distinct biological processes (22) . Similar to numerous proteins involved in the repair of DNA lesions, CTCF is covalently modified by PARylation (23) . CTCF PARylation is commonly lost in breast tumors, correlating with cancer progression (24, 25) , but the precise functional impact of PARylation on CTCF function remains ambiguous. In Drosophila, CTCF PARylation stabilizes the interaction with its protein binding partners, such as Cp190 (26) , but it is unclear whether CTCF PARylation affects its association with other proteins in mammals.
Here, we sought to examine the role of CTCF in DSB repair. We report that CTCF is recruited to DSB via its DNA binding domain independently of PARylation. Once recruited to DNA lesions, CTCF enhances the recruitment of BRCA2 and promotes DSB repair by HR. In line with this observation, loss of CTCF sensitized cells to PARP inhibitors. Mechanistically, we show that CTCF associates with BRCA2 in a PARylation-dependent manner. These data provide insights into a previously undescribed role of CTCF in DSB repair.
RESULTS
CTCF rapidly localizes to sites of DSB It was previously shown that CTCF accumulates to DNA lesions following ultraviolet (UV) laser micro-irradiation; however, CTCF dynamics at sites of DNA breaks remain unclear (17) . Therefore, we first sought to examine the recruitment of endogenous CTCF to laser microirradiation-induced DNA lesions in MCF7 cells at different time points. To this end, we initially used laser micro-irradiation to probe the recruitment of endogenous CTCF to tracks of DNA damage in MCF7 cells. We observe that CTCF is rapidly recruited to laser tracks, and its association persists for up to 120 min, in a pattern similar to PARP-1 (Fig.  1A) . Using live-cell imaging, we observed similar results, with CTCF being recruited to breakages within seconds of laser damage, where it remains associated for over 1 hour ( fig. S1, A and B) . Laser microirradiation elicits high levels of both single-strand breaks (SSB) and double-strand breaks (DSB). Therefore, it is possible that CTCF might be recruited to SSBs rather than DSBs. To rule out this possibility, we complemented our initial observation by using the previously described mCherry-LacI-FokI reporter system (27, 28) . Here, a single locus within U2OS cells is engineered to carry repeats of the Lac operon. Recruitment of the mCherry-FokI nuclease to this locus results in a single red focus, localized DSB, and the accumulation of DNA repair components (27, 28) . In agreement with our laser micro-irradiation experiments, CTCF is readily recruited to FokI cut sites, similar to what we observed with other DNA damage response proteins, including BRCA2, RAD51, and 53BP1, as well as the accumulation of the histone modification gH2A.X (Fig. 1B and fig. S1C ). The recruitment of CTCF is dependent on the induction of DSB, because a catalytically dead form of FokI, incapable of generating these lesions, does not lead to a detectable colocalization between FokI and CTCF (Fig. 1B) . These data indicate that CTCF is rapidly recruited to and persists at DSBs, suggesting a role for CTCF in the DSB response.
The CTCF zinc finger domain is required for recruitment to DSB Numerous proteins involved in the DNA repair process are PARylated (23) , and this posttranslational modification can play a significant role in the recruitment of proteins to DNA breakages (9, 29) . We observe that the association of CTCF with PARylation is substantially enriched in response to diverse genotoxic insults including g-irradiation, paclitaxel, and doxorubicin ( fig. S2 , A to C). Therefore, we speculated that this modification might regulate CTCF recruitment to DSB. To determine the minimal CTCF domain required for recruitment to DSB, we generated a series of hemagglutinin (HA)-tagged CTCF deletion mutants to test for their ability to colocalize with FokI foci (Fig. 1, C to E, and fig.  S2D ). CTCF deletion mutants composed of only the N-terminal region (CTCF D240-727), or of an N-terminal and a C-terminal fusion (CTCF D268-603), are unable to colocalize with FokI (Fig. 1, C and E ). In contrast, CTCF mutants harboring either the N or C terminus along with the zinc finger domain, or the zinc finger domain alone, readily colocalize to FokI cut sites (Fig. 1, C and E) . These experiments reveal that the zinc finger domain of CTCF is necessary and sufficient to promote recruitment to FokI cut sites (Fig. 1, C and E ). Previous reports demonstrate that a subset of DNA damage response proteins is dependent on its association with PAR polymers for recruitment to DSB (9, 29) . However, our observations suggest that this is not the case for CTCF, whose PARylation sites reside within the N-terminal region, which, based on our data (Fig.  1C) , is not sufficient for recruitment to DSB induced by FokI. To further test this idea, we treated cells with two clinically relevant PARP-1 inhibitors, olaparib and MK4827 (Fig. 1 , F to H). As expected, PARP-1 inhibition reduces cellular pools of PARylated proteins (Fig. 1F) and diminishes the accumulation of BRCA2 at DSB, as previously described (Fig. 1 , G and H) (9) . In these experiments, we exposed cells to PARP inhibitors for 24 hours; therefore, both direct and indirect mechanisms of action may account for the significant loss of BRCA2 recruitment to FokI cut sites. In contrast, these inhibitors have little impact on CTCF localization to FokI foci (Fig. 1, G and H) . This is consistent with our previous observations showing that the CTCF N terminus, where PARylation sites have been previously identified, is dispensable for its recruitment to DSBs. Overall, our results show that CTCF is recruited to DSB directly via its zinc finger domain, independent of the localized accumulation of PAR chains and the chromatin remodeling activity, catalyzed by PARP-1 (30) . However, these data do not exclude that PARylation of CTCF is required for its functions in the DSB response.
Loss of CTCF alters the response to DSB To further assess the role of CTCF in the DSB response, we targeted the CTCF locus in the normal mammary epithelial cell line MCF10A using the clustered regularly interspaced short palindromic repeats (CRISPR)/ CRISPR-associated 9 (Cas9) technology. Constitutive deletion of Ctcf in mice leads to embryonic lethality, which likely explained why we were unable to generate a full CTCF knockout cells. However, we obtained single-allele knockouts of CTCF in MCF10A (CTCF +/− ), with each clone being derived from a single-cell expansion. We observed a significant reduction of CTCF protein in three distinct clones, ranging from approximately 20 to 50% of controls, dependent on the clone being studied ( Fig. 2A) . Next, we exposed cells to 2-Gy (gray) g-irradiation and monitored the repair of DSB over time under control conditions or in three independent CTCF +/− clones. The repair kinetics of DSB, as determined by the disappearance of gH2AX foci (Fig. 2B) , is significantly slowed in the three CTCF +/− clones. We observed that gH2AX foci persist significantly in CTCF-depleted cells (Fig. 2, B and C) . It is unlikely that this defect is due to altered cell cycle kinetics because CTCF +/− cells showed similar proliferation profiles as control cells ( fig. S3A ). We validated this experiment in the breast cancer cell line MCF7 using two independent short hairpin RNA (shRNA) constructs to knock down CTCF (Fig. 2, D  to F, and fig. S3 , B and D). Again, after exposure to 2-Gy (Fig. 2D) or 5-Gy ( fig. S3, B and D) irradiation, the kinetics of gH2AX foci resolution was E). Overall, these data support the conclusion that CTCF plays a role in the repair of DSBs, likely independent of NHEJ. Next, we sought to obtain an orthogonal validation of the role of CTCF in the DSB response. Thus, we examined the sensitivity of MCF7 cells to different DNA-damaging agents upon lowering of CTCF levels. We found that the clonogenic survival potential of CTCF knockdown MCF7 cells is significantly impaired following exposure to g-irradiation or the deoxynucleotide triphosphate-depleting agent hydroxyurea (Fig. 3, A and B) . We extended these studies to test the impact of CTCF depletion on the sensitivity to PARP inhibitors. We observed a marked elevation of the cytotoxic response to two PARP inhibitors, olaparib and MK4287, upon CTCF knockdown (Fig. 3, C and D, and fig.  S4 ). It is known that cells having defects in HR are exquisitely sensitive to PARP-1 inhibition. These data, coupled with our finding that CTCF delays the repair kinetics of gH2AX foci but not 53BP1, raise the possibility that CTCF plays a role in DSB repair, specifically through the HR pathway.
It is well documented that radiation can lead to the activation of the G 2 -M cell cycle checkpoint. This checkpoint is often compromised after knockdown of DSB repair proteins, resulting in aberrant progression to mitosis (31) . However, little is known about the role of CTCF at the G 2 -M checkpoint. Therefore, we tested the integrity of this critical checkpoint in MCF7 control and CTCF knockdown cells. As expected, after exposure to g-irradiation, we observe a characteristic increase in G 2 -M cells from our control cells ( fig. S4D ) and a decrease in the proportion of mitotic cells, as assessed by Ser 10 phosphorylation of histone 3 ( Fig.  3F ). In CTCF knockdown cells, this checkpoint is defective, with cells progressing to mitosis irrespective of irradiation exposure (Fig. 3F ). We conclude that CTCF is essential for the DSB response, at both the repair of DSBs and the induction of a productive cell cycle arrest at the G 2 -M checkpoint.
CTCF participates in the HR pathway
On the basis of the hypersensitivity of CTCF-depleted cells to PARP-1 inhibitors, we next investigated the capacity of CTCF to directly regulate HR using two complimentary approaches. First, we used the CRISPRmClover assay to quantify gene targeting, as previously described (32, 33) . Here, insertion of the coding sequence of the mClover fluorescent protein into the 5′ end of the lamin A gene by HR after Cas9-mediated cutting is monitored using flow cytometry (Fig. 4A) . We found that the number of mClover-positive cells was reduced by more than twofold in CTCF 
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clones (Fig. 4B ) compared to control MCF10A cells. This indicates that gene targeting by HR is suppressed through the loss of CTCF. Next, we reintroduced HA-tagged CTCF in CTCF +/− clones using retroviral transduction and observed a restoration of the mClover signal, confirming that loss of CTCF impairs gene targeting by HR (Fig. 4 , B and C). To extend these experiments probing a role of CTCF in HR, we next used the DR-GFP (Direct Repeat-GFP) reporter system in U2OS cells (34) . This assay exploits an I-Sce I nuclease site situated in one of two mutated GFP genes, oriented as direct repeats. Expression of I-Sce I generates a DSB, which, when repaired through HR, results in functional GFP expression, quantifiable by flow cytometry (Fig. 4D) . As expected, knockdown of RAD51 decreases the frequency of HR to near undetectable levels (Fig.  4 , E to G). Down-regulation of CTCF levels with different shRNAs leads to a comparable repression of HR, with the total GFP-positive population decreasing from 3.8% to 1.0 to 1.3% (Fig. 4 , E to G). These data indicate that the HR pathway is defective in CTCF knockdown cells and that the involvement of CTCF in the HR process is not tissue-specific.
Next, we interrogated whether CTCF regulates the accumulation of repair factors to DSB induced by FokI. As expected, CTCF knockdown has no discernible effect on the colocalization of the NHEJ factors 53BP1 and LIGIV (Fig. 5, A and B) , further confirming that CTCF does not play a role in the NHEJ pathway. Little impact is also seen on the initial accumulation of gH2AX at these cut sites, indicating that CTCF acts downstream of this epigenetic mark (Fig. 5, A and B) . Strikingly, loss of CTCF leads to a significant reduction in BRCA2 recruitment to FokI-induced DSB (Fig. 5, A and B) . This was not due to changes in BRCA2 expression, because BRCA2 protein levels remain constant upon CTCF knockdown ( fig. S5A ). Previous reports indicate that RAD51 recruitment to DSB is partially dependent on previous recruitment of BRCA2 (35) . Therefore, we might expect to see RAD51 accumulation at FokI cut sites comprised in CTCF knockdown cells. Consistent with this concept, we also observe a lack of RAD51 recruitment to FokIinduced DSB upon loss of CTCF (Fig. 5, A and B) . Likewise, we also observed a reduction of endogenous RAD51 accumulation at neocarzinostatin (NCS) or irradiation-induced repair foci upon CTCF knockdown in U2OS and MCF7 cells (Fig. 5, C and D, and fig. S5B ). As expected, CTCF knockdown had no discernible impact on 53BP1 foci after NCS treatment. The HR factor BRCA1 is still capable of localizing to DSBs following CTCF depletion, suggesting a role for CTCF downstream of BRCA1 in the HR pathway (Fig. 5, C and D) .
Because CTCF knockdown compromises the recruitment of BRCA2 to FokI-induced DSB, we wanted to identify the domain of CTCF responsible for this activity. The loss of BRCA2 association with FokI foci upon CTCF knockdown is largely rescued through reexpression of fulllength CTCF (Fig. 6, A to C) or, likewise, a mutant lacking the C-terminal domain (expression of reconstituted constructs is shown in fig. S6A ). This indicates that the loss of BRCA2 upon CTCF knockdown is directly dependent on depletion of CTCF and not off-target effects of the shRNA. In contrast, neither add-back of a CTCF construct with a deletion of the zinc finger domain, which is unable to bind the FokI cut site (Fig. 1, C and  D) , nor a CTCF PARylation-defective mutant (CTCF PARMUT ) (36) , which is recruited to the FokI cut site, is capable of rescuing BRCA2 recruitment to FokI-induced DSB (Fig. 6, C and D) . From these results, we conclude that CTCF acts downstream of BRCA1 in the HR pathway, likely impairing the recruitment of BRCA2 and the loading of RAD51 to DSBs.
The capacity of CTCF to coordinate BRCA2 recruitment to DSB, as well as the inability of the CTCF PARMUT construct to rescue BRCA2 binding, suggests an association between BRCA2 and CTCF. Coimmunoprecipitation (Co-IP) experiments reveal an interaction between CTCF and endogenous BRCA2 after exposure to multiple DNA-damaging agents (Fig. 6D and fig. S6, B to D) . This association is disrupted by the PARP inhibitor MK4827 (Fig. 6D) , suggesting that the interaction between CTCF and BRCA2 might be dependent on CTCF PARylation. Supporting this concept, we find that CTCF PARMUT , unlike the WT counterpart, is unable to strongly associate with BRCA2 (Fig. 6E) . Thus, we propose that the principal role of CTCF at sites of DSB is to promote the recruitment of the critical HR factor BRCA2 following CTCF posttranslational modification by PARylation.
DISCUSSION
CTCF is a ubiquitous zinc finger-containing protein involved in several biological processes, including gene activation, insulator activity, and chromatin organization. Previous reports suggest that the multifunctional nuclear protein CTCF might also play a role in the repair of DSB. For example, CTCF heterozygous mice show increased tumorigenesis in response to irradiation (21) , and a screen for zinc finger proteins recruited to laser micro-irradiation tracks revealed that CTCF is recruited to these breakages (17) . However, it remained unclear whether CTCF plays a functional role at DSB. Here, for the first time, we provide evidence that CTCF acts as an important component of the HR response to DNA damage. In particular, laser micro-irradiation data show that CTCF is recruited within seconds after the appearance of DNA lesions. This association is not transient in nature, as is seen with many chromatin remodelers, such as ALC1 and CHD4 (37, 38), but instead persists for an extended period, with the immobilization of CTCF readily apparent at 60 min after damage. This argues in favor of a functional role for CTCF at sites of DNA damage, rather than recruitment due to the artificial opening and high accessibility of chromatin at laser tracks (30) . Our data in the mCherry-LacI-FokI reporter system further confirm that CTCF is mainly recruited to DSBs, although we cannot rule out that SSBs may also favor the mobilization of CTCF to DNA damage. CTCF has a variable consensus sequence of approximately 13 to 15 nucleotides (39), with the core AG G/A G/T GG sequence being highly conserved. It is possible that CTCF is recruited to laser tracks in a sequence-specific manner, with CTCF only being recruited to those DSB appearing proximal to an already existing CTCF binding site. However, the U2OS-LacI system recruits a FokI-LacI repressor fusion protein to 256 integrated Lac operators that does not contain a sequence resembling a CTCF consensus (40) . Thus, it is highly unlikely that CTCF is recruited here in a sequence-dependent manner. We know that CTCF is recruited to DSB through its zinc finger domain, but further work is required to decipher whether this targeting is through direct recognition of DSB, through interaction with partner proteins involved in repair, or possibly through the recognition of epigenetic modifications surrounding the breaks. Previous studies indicate that CTCF associates with proteins through its zinc finger domain (41, 42) , and we propose that this is the most likely mechanism of CTCF recruitment to DSB.
Although functionally not fully understood, there is much evidence suggesting that dynamic recruitment of PARP-1 to sites of DSB facilitates repair through the HR pathway (12, (43) (44) (45) . Evidence indicates that following its initial recruitment to DSB, PARP-1 is retained at the break site, allowing the local accumulation of PAR polymers. PARP-1 auto-PARylation and PARylation of target proteins may act as a scaffold to recruit and retain a number of key repair proteins including MRE11 and BRCA2 (9, 29, 46) . We see that CTCF modification by PARylation is readily apparent shortly after exposure to DNAdamaging agents. However, the N-terminal domain of CTCF, where 
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the motifs responsible for PARylation are found, is not found to play an important role in its recruitment to DSB. In contrast, the constructs we tested for recruitment to FokI foci harboring the DNA binding zinc finger domain of CTCF aptly colocalized with sites of DSB. Pharmacological inhibition of PARP-1 activity using small-molecule inhibitors also had no noticeable impact on CTCF recruitment. Coupled together, these data strongly suggest that CTCF is directly recruited to DSB through its zinc finger domain, independently of an association with PAR polymers. We previously found that CTCF and PARP-1 biochemically copurify on a DNA resin (22) . This complex was distinct from a CTCF complex containing TFII-I and nucleophosmin. We propose that CTCF is organized into multiple complexes and that the complex involved in repairing DSB has a composition unique from the one tethering CTCF to the nucleolus, containing nucleophosmin. Recent reports indicate a growing list of zinc finger proteins to be recruited to DSB (17) . However, in contrast to many of the factors within this class of proteins, the recruitment of CTCF to DSB does not depend on PARP-1 enzymatic activity. CTCF is also retained at the break site for an extended period of time, distinct from the transient nature of many other zinc finger proteins (17) . Transient recruitment to DSB is commonly observed for chromatin remodelers as well (37, 38, 47) . Although CTCF does have the capacity to position nucleosomes, its prolonged accumulation at DSB suggests a more probable role as a scaffold protein, because it has no recognized enzymatic activity.
Functionally, we provide several pieces of evidence supporting a role for CTCF in homology-directed repair. First, CTCF knockdown does not impair the recruitment of 53BP1 or LIGIV to DSB, or the resolution of 53BP1 foci, suggesting a functional NHEJ pathway in CTCF-depleted cells. However, CTCF plays a role in the repair of DSB, as evidenced by the delayed resolution of gH2AX foci in response to irradiation, indicating an NHEJ-independent mechanism of repair. Second, CTCF promotes HR following Cas9 and I-Sce I nuclease-induced DSB, with its loss leading to a greater than 2.5-fold reduction in the fluorescent population for both the CRISPR-mClover and DR-GFP assays, similar to what is observed with RAD51 knockdown cells. The integrity of the G 2 -M checkpoint, necessary for efficient HR, is dependent on the functionality of proteins in the HR pathway including BRCA2 (48) . Thus, a third indication for a role of CTCF in HR is demonstrated by a loss of CTCF closely recapitulating the phenotype of BRCA2 knockdown, where cells aberrantly progress through G 2 to mitosis after exposure to irradiation. Fourth, PARP inhibitors demonstrate greatly enhanced cytotoxicity against cells with defects in the HR pathway, first observed against cells harboring BRCA2 mutations (49) . We find the same phenotype in CTCF knockdown cells in response to two clinically relevant inhibitors of PARP activity, olaparib and MK4827. The fifth piece of evidence supporting a functional role of CTCF in this pathway is perhaps the most surprising and lends a key insight into the mechanism whereby CTCF modulates HR. We find that CTCF coimmunoprecipitates with BRCA2 in a PARylationdependent manner, following the induction of DNA damage. Upon CTCF knockdown, BRCA2 recruitment to DSB is greatly compromised, but is rescued through add-back of full-length CTCF, but not CTCF mutants, either devoid of its zinc finger domain, or a PARylation-defective mutant. The capacity of CTCF add-back to restore BRCA2 immobilization at FokI cut sites indicates that the loss is not due to off-target effects of shRNAs or irreversible epigenetic events that would occlude access to DSB. CTCF knockdown had little observable effect on the accumulation of BRCA1 at repair foci, indicating that CTCF acts downstream of BRCA1 in the HR. The association of RAD51 with DSB was also compromised in CTCF knockdown cells, consistent with the loading of RAD51 onto chromatin being primarily dependent on BRCA2 (50). There is evidence that additional proteins, including TOPBP1 and PALB2, also act to enhance the accumulation of genomic RAD51 at DSB (51, 52) and that the nuclear localization of RAD51 may be influenced by the activity of proteins such as IRS1 (53). Differences in the expression level and activity of these proteins among tissue types may explain why more severe defects in RAD51 aggregation at repair foci were observed in U2OS cells than in MCF7 cells. It has been previously reported that BRCA2 recruitment to DSB is dependent on PARP-1 activity (9), a result we repeated here. Although CTCF recruitment to these breaks is not dependent on PARylation, CTCF itself is highly PARylated in response to DNA damage. On the basis of our data, we propose a model where PARylated CTCF acts as a scaffold, participating in the recruitment and stabilization of BRCA2 at sites of repair, and perhaps other proteins additionally, thereby facilitating efficient resolution of the break.
BRCA2 knockdown cells show limited sensitivity to the replication stress-inducing agent hydroxyurea (54) . Although DSBs stemming from collapsed replication forks are repaired primarily through HR, the principal role of BRCA2 at replication forks is to stabilize the fork and prevent degradation (55) . On the basis of the sensitivity of CTCF knockdown cells to hydroxyurea, we propose that CTCF may play a role beyond recruitment of BRCA2 at stalled replication forks that have degenerated into DSB. PARP-1 activity has been shown to both stabilize replication forks and recruit repair proteins, such as MRE11, XRCC1, and Chk1, to damaged replication forks (56, 57) . It is possible that, in this context, PARylated CTCF also acts as an accessory to PARP-1, providing a scaffold to recruit repair proteins. Hence, we propose that CTCF plays a multifaceted role in the response to DNA damage, possibly coordinating both the transcriptional and repair response to damage-inducing agents. For example, it has been previously demonstrated that CTCF plays an essential role in potentiating the transcriptional activation of TP53 in response to the DNA-damaging agent methyl methanesulfonate (58) . We also postulate another role for CTCF beyond what we have characterized here. Elegant genome-wide studies reveal a role for CTCF in mediating long-range chromatin contacts (59) . It is possible that CTCF establishes new intra-chromosomal links between existing CTCF binding sites and DSB. We envision that these connections may generate chromatin loops, which might not only facilitate the recruitment of repair factors but also additionally define a domain within which epigenetic changes associated with repair processes are contained. Studies to interrogate a potential role for CTCF in mediating these activities are ongoing.
CTCF is found hypo-PARylated in breast tumors, and the loss of this posttranslational modification has been associated with tumor progression (24) . Our findings suggest that tumor cells may evolve to lose CTCF PARylation, thereby providing tumors with a means to promote genomic instability through compromising HR. This instability could potentially provide a stochastic mechanism through which cells might gain survival and proliferative advantages.
MATERIALS AND METHODS

Cell culture, viral knockdown, and CRISPR/Cas9
The parental U2OS cell line was maintained in McCoy's medium supplemented with 10% fetal bovine serum (FBS). The U2OS-LacI-FokImCherry DSB reporter cell line (27, 60) , U2OS DR-GFP HR reporter cell line (34) , human embryonic kidney (HEK)-293 T cells, and MCF7 cells were all maintained routinely in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS. The U2OS-LacI-FokI-mCherry cell line was provided by R. Greenberg (University of Pennsylvania). For induction of FokI expression, cells were treated with 1 mM Shield-1 and 4-hydroxytamoxifen for 6 hours. CTCF and RAD51 knockdown experiments were done using lentiviral shRNA vectors (Sigma) packaged in HEK293T cells, as described previously (22) . Briefly, HEK293T cells were transfected with 7 mg of shRNA lentiviral vectors combined with 5 mg of packaging vector MD2G and 2 mg of envelope vector Pax2 using polyethylenimine (1 mg/ml). Viruses were collected at 72 hours after transfection and passed through a 0.45-mm filter. For cell infection, MCF7 and U2OS cells were seeded at 0.3 × 10 6 and 0.1 × 10 6 cells/ml, respectively, in six-well dishes and incubated with 300 ml of viral supernatants along with 8 mg of hexadimethrine bromide (Polybrene). Seventy-two hours after infection, cells were subjected to downstream applications. Fresh infections were carried out for each experiment.
For CTCF knockout by CRISPR/Cas9, a U6 promoter and target single-guide RNA (sgRNA) were first cloned into pIDT-SMART (table  S1 ). All constructs were confirmed by sequencing. MCF10A cells were grown in DMEM F12 supplemented with 5% horse serum, epidermal growth factor (10 mg/500 ml), hydrocortisone (250 mg/500 ml), and cholera toxin (50 mg/500 ml). MCF10A cells were cultured to 50 to 60% confluency in six-well plates followed by transfection of 6 mg of total plasmid DNA, including 2 mg of pCas-Guide-ef1a-GFP (OriGene, catalog no. GE100018) and 4 mg of plasmid with sgRNA (2 mg each) using Lipofectamine 3000 (Invitrogen). Two days later, GFP-positive cells were isolated by fluorescence-activated cell sorting into 96-well plates (one cell per well). To screen for heterozygous CTCF cell clones (CTCF +/− ), we isolated genomic DNA of each clone and amplified proximal sequences surrounding the Cas9 targets by polymerase chain reaction. Positive clones were first identified using the SURVEYOR Assay Kit (IDT, catalog no. 706020) followed by sequencing. CTCF +/− cells used in this study harbor one WT CTCF allele and one allele with a frameshift mutation, leading to a premature stop codon.
Antibodies and chemicals
A mouse monoclonal antibody recognizing CTCF for Western blotting was from BD Biosciences (612149). Secondary antibodies for Western blot analysis, horseradish peroxidase (HRP)-labeled goat anti-rabbit and HRP-labeled goat anti-mouse, were purchased from KPL (catalog nos. 474-1516 and 474-1806). Mouse monoclonal phospho-Ser 139 histone H2AX, PAR, mouse monoclonal antibody recognizing BRCA2, and rabbit polyclonal phospho-Ser 10 histone 3 were purchased from Millipore (catalog nos. 05-636, MAB3192, 05-666, and 05-570). Rabbit polyclonal 53BP1 antibodies were purchased from Novus (100-304) and Santa Cruz Biotechnology (sc-22760). Antibodies recognizing Rad51 and nucleophosmin were bought from Santa Cruz Biotechnology (catalog nos. sc-8349 and sc-47725). A mouse monoclonal antibody toward b-actin was purchased from Sigma (A5316). Rabbit polyclonal BRCA1 antibody was purchased from Millipore (07-434). Rabbit polyclonal anti-PARP1 antibody was obtained from Cell Signaling (9542S). Mouse monoclonal antibody recognizing the HA tag was bought from Abcam (AB1424). Secondary antibodies for immunofluorescence, Alexa Fluor 488 goat anti-mouse, Alexa Fluor 594 goat anti-rabbit, Alexa Fluor 680 goat antirabbit, and Alexa Fluor 488 goat anti-rabbit were all purchased from Life Technologies (catalog nos. A11029, A11072, A21109, and A11034). Shield-1 was purchased from Clontech (631037). The PARP-1 inhibitor MK4827 was supplied by AdooQ Bioscience (A11026), and olaparib was purchased from Cayman Chemicals (10621-100). Hydroxyurea and 4-hydroxytamoxifen were purchased from Sigma (catalog nos. h8727 and 68047-06-3). Doxorubicin was obtained from Pfizer (DIN 02071002). Paclitaxel was obtained from Biolyse Pharma Corporation (DIN 02244372). GeneJuice transfection reagent was obtained from Millipore (70967).
BrdU (5-bromo-2′-deoxyuridine) was purchased from BD Biosciences (347580). DAPI (4′,6-diamidino-2-phenylindole) was purchased from Thermo Fisher (D1306) Plasmids HA-tagged CTCF fragments with corresponding deletions of amino acids D1-100, D603-727, D240-727, D268-603, and 268-603 were cloned between Eco RI and Xba I restriction sites in PLKO.1 cytomegalovirus multiple cloning site (PLKO.1 CMV MCS, provided by M. Fabian, McGill University). The CTCF PARylation-defective mutant CTCF PARMUT , which has PARylation acceptor sites E233 and E239 mutated to alanine, as previously described (36), was cloned into the Eco RI site of the lentiviral expression vector PMDK208 (61) . Plasmids encoding WT and mutant FokI nuclease, HFUW-FokI WT or HFUW-FokI D450A, were provided by R. Greenberg (University of Pennsylvania). Plasmid encoding the nuclease I-Sce I or empty vector, PCAG I-Sce I, and PCAG were provided by S. Richard (McGill University). For knockdown studies, scrambled shRNA (SCH016) or shRNAs targeting CTCF (TRCN0000014548 and TRCN0000014548) or RAD51 (TRCN0000018877) were used (Sigma). For CTCF add-back experiments, an shRNA targeting the 3′ untranslated region of CTCF was used for knockdown (TRCN0000218498; Sigma). All shRNAs are held in the lentiviral vector PLKO.1.
Immunofluorescence, laser micro-irradiation, and live-cell imaging Immunofluorescence was carried out similarly as described previously (62) . All steps were carried out at room temperature. Cells grown on coverslips were fixed in freshly prepared 2% paraformaldehyde for 10 min. Fixed cells were then incubated for 10 min with a combination of permeabilization/blocking buffer [0.3% Triton X-100, 1% bovine serum albumin (BSA), and 1% normal goat serum]. Next, primary antibodies were added for 1 hour in phosphate-buffered saline (PBS) + 1% BSA followed by three washes, each of 5-min duration, with PBS + 1% BSA. Secondary antibody was next added in the same buffer for a period of 1 hour. Nuclei were stained with DAPI (1 mg/ml) for 5 min and subjected to a final wash with 1% BSA in PBS. After this, coverslips were mounted onto glass slides using a ProLong gold antifade reagent (Life Technologies). Images were acquired using a Leica Widefield DM LB2 microscope. Images were analyzed and quantified using ImageJ software [National Institutes of Health (NIH)]. For laser micro-irradiation experiments, cells were cultured in an eight-chamber slides and presensitized with 10 mM BrdU for 24 hours. After washing with PBS once, the culture medium was replaced by phenol red-free DMEM supplemented with 10% FBS, Hoechst 33342 (10 mg/ml), and 10 mM BrdU for 30 min. Finally, this mix was removed and substituted with phenol red-free DMEM (10% FBS). A Zeiss LSM 700 inverted laser scanning confocal microscope equipped with a heated live-cell chamber and a 20× 0.85 numerical aperture objective lens was used for all laser micro-irradiation experiments. The nuclei were irradiated with a 5-mW, 405-nm diode laser set at 50% power, scanning for 20 iterations at a speed of 100 ms/pixel using the zoom bleach function on ZEN software. For staining, cells were subsequently fixed in 2% paraformaldehyde for 15 min and then incubated for 30 min in a permeabilization/blocking buffer (see above). The primary antibodies were added in a PBS + 1% BSA solution overnight at 4°C and then washed three times in PBS + 1% BSA. Secondary antibody was next added in the same buffer for 1 hour at room temperature, followed by three washes with PBS + 1% BSA. Images were acquired as described above. For live-cell imaging, photos were acquired before bleaching, during the bleach, and at 10 s, 30 min, 60 min, and 120 min after the laser micro-irradiation. The fluorescence data were analyzed during the picture acquisition with the ZEN pro software.
Flow cytometry
For flow cytometry-mediated analysis of phospho-Ser 10 of histone 3 levels, MCF7 cells were first fixed in ice-cold 70% ethanol. Subsequent steps were carried out at room temperature. Cells were permeabilized using dilution buffer (1% FBS and 0.1% Triton X-100 in PBS), after which primary antibody against phospho-Ser 10 of histone 3 was added for 1 hour. Cells were collected at 400 g and washed with dilution buffer. Next, the cells were incubated with an anti-rabbit Alexa Fluor 488 antibody for 1 hour. Again, cells were collected by centrifugation and washed using dilution buffer. Staining was detected with a FACSCalibur platform from BD Biosciences. Data were analyzed using FlowJo 7.6.5. For the mClover assay, MCF10A WT CTCF +/− and HA-CTCF complemented cells were trypsinized, washed with PBS, and electroporated with 1.25 mg of sgRNA plasmid and 1.25 mg of donor template using the 4D-Nucleofector System (Lonza). Cells were subsequently plated in medium and grown for 72 hours before trypsinization and resuspension in PBS. The percentage of mClover-positive cells were determined by flow cytometry, as described above. For the DR-GFP HR assay, U2OS DR-GFP cells were infected with the indicated lentiviral particles in six-well cell culture plates. Forty-eight hours after infection, cells were transfected with empty vector or I-Sce I plasmids for another 48 or 72 hours. Cells were trypsinized, washed in PBS, collected, and resuspended in PBS. The percentage of GFP-positive cells were determined by flow cytometry, as described above.
Western blotting
Western blot analysis was carried out as described previously (63, 64) . Cells were washed twice in PBS and lysed in whole-cell lysis buffer [20 mM tris (pH 7.5), 420 mM NaCl, 2 mM MgCl 2 , 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.5% Triton X-100] supplemented with fresh 1 mM dithiothreitol, phenylmethylsulfonyl fluoride, protease inhibitor cocktail (Roche) and phosphatase inhibitors, bis-glycerol phosphate, and NaF. Two volumes of the whole-cell lysis buffer were added to the centrifuged cell pellet and left on ice for 25 min. Lysates were centrifuged at 12,000 rpm at 4°C for 25 min, and supernatants were collected and transferred to a new tube. Protein concentration was measured by the Bradford assay. Protein (20 mg) was loaded onto an 8% acrylamide gel and electrophoresed at 150 V. Transfer of the protein to a nitrocellulose membrane was done overnight at 30 V at 4°C, followed by 30 min at 70 V. Membrane was blocked with 5% nonfat milk in TBST (tris-buffered saline-Tween 20) and incubated with primary antibody overnight at 4°C. Membranes were next washed three times with TBST (20 mM tris base, 137 mM NaCl, and 0.1% Tween 20) for 5, 10, and 15 min. Next, secondary antibodies were added for 1 hour at room temperature in blocking buffer. Western blotting was revealed using a Clarity Western Enhanced Chemiluminescence kit (Bio-Rad) and autoradiography film (Harvard Apparatus).
Coimmunoprecipitation
Co-IP was carried out as described previously (22, 64) . Whole-cell lysates were prepared as described above and diluted to 1-ml total volume in IP buffer [20 mM tris (pH 7.5), 100 mM NaCl, 10 mM MgCl 2 , 2 mM EDTA, 0.5% Triton X-100]. The lysate solutions were then precleared for 2 hours with protein G-agarose beads. After the preclearing stage, beads were pelleted and the supernatant was collected and transferred to a new tube, where capturing antibodies were added and nutated overnight at 4°C. Antibodies with bound proteins were collected by adding fresh protein G-agarose beads and nutated at 4°C for 2 hours. Beads were pelleted, and the supernatant was discarded. The collected beads were washed three times with 1 ml of IP buffer and centrifuged at 1700g to pellet the beads. The final wash was done with IP buffer containing 0.1% Triton X-100 and spun down at 2700g. Proteins were eluted from the beads by adding 25 ml of 2× SDS loading buffer [40 mM tris (pH 6.8), 4% SDS, 20% glycerol, and bromophenol blue] and heated at 100°C for 10 min. Beads were again pelleted, and the resulting supernatant was loaded to acrylamide gel and blotted as described above. Where appropriate, HA-CTCF-transfected HEK293T cells were treated with 5 mM MK4827 for 24 hours before induction of DNA damage.
Cell irradiation
Cells were exposed to g-irradiation using a clinical linear accelerator (Clinac 21EX, Varian Medical Systems). Cells were placed on a 20-cm stack of solid water (Gammex Inc.), and an additional 5 cm of solid water was placed on top of the holder to provide buildup material. Up to four six-well plates, or three 15-cm petri dishes, could be irradiated at one time. Cells were irradiated using 18-million volt photons. The dose of irradiation to the cells was calculated on the basis of ion chamber measurements and clinical dosimetry data. The dose rate was held constant at approximately 600 cGy/min.
Clonogenic assay
Clonogenic assays were performed similar to those described previously (65, 66) . Cells were seeded into six-well plates, in triplicate, and treated with drugs within 16 to 18 hours after plating with the indicated doses. For g-irradiation, cells were exposed to irradiation before plating. Cells were allowed to grow for 14 days, and the resulting colonies were fixed with 1.5 ml of 6.0% glutaraldehyde and 0.5% crystal violet. Colonies were counted using a GelCount (Optronix) gel quantification system. The surviving fraction (SF) of cells was calculated as follows. First, plating efficiency (PE) was calculated: PE = (number of colonies of untreated or treated cells/number of seeded cells) × 100%. Next, SF was calculated: SF = (number of colonies after treatment)/(number of cells seeded × PE).
Comet assay
Neutral comet assays were carried out as previously described (67) . Briefly, MCF7 cells were harvested and embedded in 0.5% low-melting agarose onto Trevigen comet slides (catalog no. 4250-200-03). Samples were then incubated in neutral lysing solution [2% sarkosyl, 0.5 M Na 2 EDTA, proteinase K (0.5 mg/ml) (pH 8.0)] overnight at 37°C. After overnight lysis, slides were rinsed twice for 30 min each in neutral rinsing buffer [90 mM tris, 90 mM boric acid, 2 mM Na 2 EDTA (pH 8.5)]. Slides were next subjected to electrophoresis in fresh rinsing buffer for 15 min at 20 V. After electrophoresis, slides were washed in distilled water for 5 min and immersed in 70% ethanol for 5 min to fix. DNA was subsequently stained using the SYBR Gold Nucleic Acid Gel Stain (Fisher, catalog no. S11494). Finally, slides were washed with distilled water for 5 min. Comet tails were quantified using ImageJ software (NIH).
SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/ content/full/3/5/e1601898/DC1 fig. S1 . Live-cell imaging of CTCF at laser micro-irradiation tracks. fig. S2 . CTCF association with PARylation increases as a response to DNA-damaging agents. fig. S3 . Impact of CTCF loss on gH2AX and 53BP1 foci resolution. fig. S4 . Loss of CTCF increases sensitivity to PARP inhibitors. fig. S5 . Loss of CTCF impairs Rad51 foci formation following infrared. fig. S6 . DNA damage increases the association between CTCF and BRCA2. table S1. sgRNA sequences targeting Cas9 to CTCF.
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